To explore the optimum condition of -aminobutyric acid (GABA) accumulation in germinated tartary buckwheat, effects of some factors including aeration treatment, physiological indexes, air flow rate, culture temperature, and pH value of cultivating solution under hypoxia on GABA in germinated tartary buckwheat were investigated. The results showed that the dark cultures with distilled water at 30 ∘ C, 2 days, and aeration stress with 1.0 L/min air flow rate at 30 ∘ C were optimal for GABA accumulation. Under these conditions, the predicted content of GABA was up to 371.98 g/g DW. The analysis of correlation indicated that there was a significant correlation ( < 0.01) between GABA accumulation and physiological indexes. Box-Behnken experimental analysis revealed that optimal conditions with aeration treatment for GABA accumulation in germinated tartary buckwheat were air flow rate of 1.04 L/min, culture temperature of 31.25 ∘ C, and a pH value of 4.21. Under these conditions, the GABA content was predicted as high as 386.20 g/g DW, which was close to the measured value (379.00 ± 9.30 g/g DW). The variance analysis and validation test suggested that this established regression model could predict GABA accumulation in tartary buckwheat during germination.
Introduction
It has been more than 2000 years since bud was turned into human's food in the ancient oriental culture. As a kind of exotic, fashionable, and healthy product, food such as bean sprouts and alfalfa sprouts also received great popularity in the European market [1] [2] [3] . In China, there is a special vegetable with the value of medicine: tartary buckwheat (Fagopyrum tataricum) sprout which has a long history of being a food but has not obtained the due attention it deserved [4, 5] . Tartary buckwheat belongs to Polygonaceae, whose contents of protein, fat, vitamins, minerals, and polyphenol are generally higher than those of the bulk of the rice, wheat, corn, and other crops [6] . What is more important is that tartary buckwheat is rich in flavonoids such as rutin, which many other cereals do not contain, while the content of tartary buckwheat is about 40∼50 times more than that of common buckwheat (Fagopyrum esculentum) [7, 8] . For thousands of years, tartary buckwheat has been widely planted and has been made into various foods in the arid area of the northwest and southwest of China, and it is one of the main foods for some poor people in the regions [9] [10] [11] . With the development of science and technology, tartary buckwheat has been widely accepted by consumers for its special functions such as lowering blood pressure, hypolipidemic effect, and reducing blood glucose. Thus, the research of tartary buckwheat sprouts is of great academic and practical value [12] [13] [14] .
Previous research showed that complex biochemical and physiological changes occurred during seed germination or fermentation; as a consequence, some macromolecular substances such as starch and protein are decomposed; the protease inhibitor, phytic acid, and other antinutritional factors are digested or reduced. All these made the protein and amino acid composition become more reasonable [15] [16] [17] . Recent studies show that, through the control of the germination and fermentation conditions, we can also enrich -aminobutyric acid (GABA) and other functions of those plants which are low or do not have the functional components [18] [19] [20] .
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Journal of Chemistry GABA, the four-carbon nonprotein amino acid, widely exists in eukaryotic and prokaryotic organisms. It contributes to lowering blood pressure, improving the brain function, regulating cardiac arrhythmia, and relieving pain, anxiety, and so on. And, therefore, the development of food rich in GABA has attracted the favor of the majority of scholars [16, 21] . GABA production is mainly synthesized by the impact of GABA shunt, in which glutamate decarboxylase (GAD, EC 4.1.1.15) is the limited enzyme [22] .
Previous research has proved that there can be strong activation of GAD activity under the stress of hypoxia, cold, salt stress, and mechanical stimulation in plants, which leads to accumulation of GABA [18, 23, 24] . Among those stresses, the hypoxia stress is the most effective way [25] . Under hypoxia stress, the GABA accumulation of germination soybean [26] , millet [27] , rice [28] , and fava bean [29] had increased greatly compared to that of control. In addition, studies have shown that it can activate GABA synthetase activity through reducing intracellular pH and thus achieve the purpose of enrichment of GABA [23] . At present, the study of tartary buckwheat is mainly concentrated on flavonoids [13, 30, 31] , but the accumulation of GABA in germinated tartary buckwheat under hypoxia stress by aeration treatment has not been reported.
In this study, the germinated tartary buckwheat was placed in the medium for the formation of hypoxic environment to establish a method for accumulating GABA in tartary buckwheat sprouts. The effects of optimal opportunities of aeration treatment, the correlation with GABA accumulation, and the other physiological-biochemical indexes on GABA accumulation were investigated. And the aerial culture condition was optimized. In addition, we founded the effective mathematical model so as to provide the theoretical basis for the industrialized production of the functional tartary buckwheat sprouts.
Materials and Methods

Materials.
Tartary buckwheat seeds (cultivar yu 6-21) obtained from Ulanqab city, Inner Mongolia province, north of China, in the autumn of 2014, were kept in reserve at −20 ∘ C till being used. GABA reference substance (>99%) and dimethylaminoazobenzene sulfonyl chloride (dabsyl chloride, 99%) were bought from Sigma Chemical Co. Ltd. (St. Louis, MO, USA). Reagents used in experiment were of chromatographic grade for HPLC, while other reagents and chemicals used were of analytical grade.
Germinating and Gaseous Treatment.
The tartary buckwheat seeds were disinfected by dipping them into 1% sodium hypochlorite solution for 15 min and then washed and soaked in distilled water at 30 ± 1 ∘ C for 4 h. After soaking, the seeds were put in the culture dish covered with 2 layers of filter paper and germinated in the dark for 2 days at 30 ∘ C, spraying with distilled water to keep the culture moist every 8 h. They were then put into cultivated pots (diameter 6 cm by 18.5 cm), 10 mmol/L citric acid buffer was added, and then the pots were covered with lids. The culture medium was aerated by a pump and renewed at 24 h intervals until the culture process finished. The air flow rate was controlled by a flow meter (Yuyao Jintai Meter Co., Ltd., Zhejiang, China). Two days later, the seeds germinated under hypoxia were rinsed with distilled water and rubbed down with filter paper. Clean instruments and materials were used to gauge the length of the sprout, GAD activity, and respiration rate. The sample of GABA, free amino acid analysis, and soluble protein were treated by means of vacuum drying method, and then the samples were ground through an 80∼100-mesh sieve.
Decisive Factor of Physiochemical Indexes.
A centimeter ruler was used to gauge the sprout length of germinated tartary buckwheat, and thirty sprouts were gauged as a group of samples. An infrared gas analyser (Model CD-3A, Ametek Applied Electrochemistry, Pittsburgh, PA) was employed to measure the respiration rate; the content of soluble protein in the products was decided by Coomassie Brilliant Blue (G250) method; the content of free amino acid was researched by the ninhydrin reaction.
2.4.
Determination of GAD Activity. GAD activity was decided according to Guo et al. [19] . One gram of germinated tartary buckwheat was homogenised on an iced-water bath with 6 mL of potassium phosphate buffer (70 mmol/L, pH 5.8), which consists of 2 mmol/L -mercaptoethanol and 2 mmol/L ethylenediaminetetraacetic acid (EDTA), together with 0.2 mmol/L PLP. The homogenate was transferred to a centrifuge to separate at 10,000 ×g for 20 min at 4 ∘ C; after that, the supernatant was gleaned for the determination of enzyme activity. The reaction mixture solution was composed of 200 L of crudely extracted enzyme liquid and 100 L of culture medium (1% of Glut, pH 5.8), and the supernatant was cultured at 40 ∘ C for 2 h and then heated up to 90 ∘ C for 5 min to terminate it. The suspension resulting from the centrifugal sedimentation separation was filtered with a 0.45 m membrane filter. Then, GABA content in filtrate was analysed. One unit of the enzyme activity was defined as 1 mol per 1 h at 40 ∘ C GABA release.
Determination of GABA Component.
Dry powder of germinated tartary buckwheat (0.25 g) was mulled with 5 mL of 7% acetic acid. The purification method of GABA was adopted from Bai et al. [27] . To volatilize the acetum acid and ethanol, the purified supernatant was evaporated at 45 ∘ C at 0.1 MPa. The residue was dissolved in 1 M NaHCO 3 solution (pH 9) and centrifugal sedimentation separation was carried out at 2,500 ×g for 10 minutes. GABA was determined by HPLC (Agilent 1200, USA) with a ZORBAX Eclipse AAA reversed-phase column (3.5 m), 4.6 × 150 mm i.d. as described by Syu et al. [32] . 1 mL of dabsyl chloride (2 mg/mL, in acetone) was added to the amino acid solution (1 mL, pH 9.0) and the mixture was heated at 67 ∘ C for 10 minutes. Then, the reaction of the mixture was terminated by an ice bath and soon afterwards was detected by UV-vis DAD (diodearray absorbance detection) at 425 nm. Mobile phase B was 0.045 M sodium acetate buffer solution (pH 4), while mobile phase A was acetonitrile, and GABA was demerged from the mixture in 30 min at invariable temperature of 30 ∘ C.
Box-Behnken Design.
RSM is deployed to the identification of three independent variables on the GABA content of germination tartary buckwheat and to the optimization of culture conditions for the production of GABA. The experimental design is carried out by using the Statistical Ease software (Design-Expert version 8.0.6 Trial, Delaware, USA, Echip, 2014). On the basis of single factor experiment, the grade of temperature of culture medium ( ), pH of culture medium ( ), and air flow rate ( ) were measured ( Table 2 ). The content of GABA ( ) was considered to be the response variable. The entire design was composed of 17 combinations, five copies of the center points included (Table 1) . GABA content data were fitted by multiple regression analysis of this second-order equation below:
where refers to GABA content and 0 stands for the model intercept, while and represent grade of the independent variables, and denotes the number of the factors being tested ( = 3); , , and refer, respectively, to the regression coefficient of linear variable, quadratic regression term, and interaction regression term. The ANOVA (analysis of variance) table is produced to judge quadratic regression coefficient, interaction regression coefficient, and single linear variable.
Statistical Analysis.
Of the three independent experiments, except for special instructions, each value was represented as ±SE, and SPSS (version 16, Chicago, IL, USA) was used to carry out analysis of variance and to assess the data on the basis of it (ANOVA). In order to determine the statistical significance, Duncan's multiple comparison and correlation analysis is deployed in this analysis; meanwhile, a secondorder polynomial regression equation based on the analysis of the experimental data using Box-Behnken design (DesignExpert, version 6.0.10, Stat-Ease, Inc.) was established as well; < 0.05 was thought to be significant and < 0.01 was considered to be very significant.
Results and Discussion
GABA Accumulation in Germinated Tartary Buckwheat under Different Opportunities of Aeration Treatment.
The right opportunities of aeration treatment have contributed to the accumulation of GABA (Figure 1) . The GABA content of germinating tartary buckwheat increased slowly when seeds were treated directly with hypoxia stress after soaking for 4 h at 30
∘ C, and the content of GABA reached 209.08 g/g in germinating tartary buckwheat with stress when treated for 6 days. However, when the tartary buckwheat was treated with stress after 1-day normal germination, the GABA content increased rapidly to the extent of 240.89 g/g, which was 1.36 times that of 4-day normal culture. And while the tartary buckwheat was treated with stress after 2-day normal germination, the GABA content increased rapidly to the extent of 371.98 g/g, which was 2.10 times that of 4-day normal culture. This phenomenon showed that, with the appropriate timing of hypoxia stress, the antireversion force of germinating tartary buckwheat was enhanced, and enzymes like GAD that are related to the GABA generation were activated considerably. But the GABA content of tartary buckwheat did not increase significantly as culture time went on, which indicated that an appropriate stress time was helpful to accumulate GABA. The dark culture with distilled water at 30 ∘ C, 2 d, and then aeration stress with 1.0 L/min air flow rate at 30 ∘ C was optimal for GABA accumulation.
Analysis of Physicochemical Properties during Tartary
Buckwheat Germination under Hypoxia Stress. The germinated tartary buckwheat seeds cultured for 2 days at 30 ∘ C were treated with aeration stress with 1.0 L/min air flow rate at 30
∘ C and pH of 1.0. And the physicochemical indicator of germinating tartary buckwheat had a significant change ( < 0.05) (Figure 2 ). The sprouts length and respiratory rate increased significantly in germination period constantly, reaching 3.58 cm and 1.48 mg CO 2 /(g⋅FW⋅h) after 48 h under hypoxia stress, 2.00-and 2.20-fold increase over the 0 h sample, respectively. When compared to the normal culture (control), the sprouts length reduced by 18.54%, which inferred that the sprout length of tartary buckwheat was inhibited by hypoxia stress; the respiratory rate significantly increased by 29.83%. The soluble protein content reduced by 29.15% from 0 h to 48 h during stress; however, the free amino acid demonstrated a very significantly increasing trend ( < 0.01), which increased significantly by 64.91% compared with control ( < 0.01). The decomposition of proteins was promoted by hypoxia stress, which was helpful to accumulate GABA. Meanwhile, the GAD activity had a significant increase during germination ( < 0.05), and the GAD activity under stress was 1.36-fold higher than that of the control at 48 h, with a higher significant difference ( < 0.01). Particularly, the content of GABA from germinating tartary buckwheat kept a significant increasing trend ( < 0.05); the maximum value of 381.92 g/g appeared under the 48 h stress, which was 2.35 times that of 0 h germination and 1.93 times that of the control group. The analysis of correlation indicated that the GABA accumulation had a significant positive correlation ( < 0.01) with sprout length ( = 0.97), respiratory rate ( = 0.99), free amino acid ( = 0.95), and GAD activity ( = 0.94) but had a significant negative correlation ( < 0.01) with content of soluble protein ( = −0.97) ( Table 2 ). The research of Yao illustrated that GABA yield had a significant positive correlation with sprout length and GAD activity [33] . With increasing the sprout length of germinated tartary buckwheat under hypoxia, the respiratory rate was enhanced, which might be attributed to the stimulation of GAD activity strongly. Meanwhile, the free amino acid was degraded by macromolecular proteins under the action of the protease, and so forth, and it was propitious to the GABA accumulation. The results are in agreement with previous research [26, 29] .
Analysis of Box-Behnken Experiment.
The RSM design and the corresponding experimental data were presented in Table 3 . Multivariate analysis shows that the model of RSM design was consistent with the second-order polynomial equation referred to in (1 
The statistical analysis demonstrated that the model is significant with a desirable value of 2 (0.9723) in Table 4 , and there was fitness of actual and predicted value (Figure 3) . ANOVA indicated that the model was most significant ( < 0.001) with an -value of 22.92, the lack of fit was not significant ( > 0.05), and the adequate precision of 12.03 displayed an adequate signal. All these results testified to the validity of the experimental model.
Effect of Air Flow Rate, Culture Temperature, and pH of
Buffer Solution on GABA Accumulation. In order to get the optimal level and interrelation of three independent variables during accumulating GABA from germinated tartary buckwheat, the response surface plots were structured, according to (2) , which can make it easy to understand the interaction between two variables.
The curves in Figure 4 (a) reveal the effects of air flow rate and culture temperature on GABA accumulation in germinated tartary buckwheat at pH of 4.5. Air flow rate had quadratic effects ( < 0.0001) on GABA accumulation, and temperature had significant linear ( < 0.01) and quadratic ( < 0.001) effects on GABA content. However, a significant interaction was not found between air flow rate and temperature ( = 0.6921) ( Table 4) . At a certain temperature, GABA content increased slowly with the rate of air flow increasing and reached a maximum at an air flow of 1.04 L/min. When the air flow rate was fixed, the accumulation of GABA had noticeable enhancement with the increase of temperature, and a maximum of GABA was found at 31.25 ∘ C. Previous studies reported that the content of GABA was promoted rapidly under hypoxia, such as soybean, millet, and fava bean using aeration treatment for culture, which led to a sharp increase in GABA accumulation [26, 27, 29] .
The effects on GABA accumulation in germinated buckwheat by air flow rate and pH at 30 ∘ C were shown in Figure 4(b) . Both the linear ( < 0.05) and quadratic ( < 0.01) effects of temperature on GABA accumulation in germinated tartary buckwheat were significant. The effect of interaction between air flow rate and pH on GABA accumulation was significant ( < 0.01) ( Table 4 ). The accumulation of GABA increased with increasing value if the rate of air flow was fixed, and the optimal value of pH was 4.21. The most optimal pH of GAD was 5.5 to 6.0, which suggests that it was helpful to accumulate GABA under sour environment. In this study, the ideal pH value for accumulating GABA from tartary buckwheat in the buffer solution was 4.21, which was higher than fava bean [29] and soybean [26] , but lower than millet [27] . Journal of Chemistry content was increasing as well. But excessively high temperature or pH was disadvantageous to the accumulation of GABA.
Verification of the Model.
According to the experimental data above, the optimal conditions obtained from the model were identified as follows: air flow rate 1.04 L/min, culture temperature 31.25 ∘ C, and cultivating solution pH 4.21; the highest yield of GABA predicted by model was 386.20 g/g DW under these conditions. Previous researchers optimized the conditions of accumulating GABA in germinated millet, soybean, and fava bean under hypoxia stress [26, 27, 29] . The air flow rate, culture temperature, and pH value reported were similar, but the optimum culture conditions for GABA concentration were different for the different plants mentioned above, for the reason that the tolerance level of different plants towards stress differed.
To verify the feasibility of the regression model, the optimal combination experiments and a randomly selected combination for GABA accumulation were investigated, and the experiment design and results were displayed in Table 5 . The GABA content observed in germinated tartary buckwheat reached 379.00 ± 9.30 g/g DW under optimal condition, which was quite close to the predicted value. The experimental results of random assortment proved that the model was valid. Journal of Chemistry
Conclusions
The effects of different opportunities of aeration treatment and the culture conditions on GABA accumulation in germinated tartary buckwheat were studied. It turned out that the best stress treatment way was aeration stress for 2 days in darkness after dark culture for 2 days at 30 ∘ C with distilled water, and the observed value reached 371.98 g/g. Physiological indexes had a significant ( < 0.05) change during germination under hypoxia. Correlation analysis showed that there was a significant correlation ( < 0.01) between the GABA accumulation and the other physicochemical indexes.
The maximum GABA accumulation in germinated tartary buckwheat was predicted as 386.20 g/g with the following conditions: air flow rate 1.04 L/min, culture temperature 31.25
∘ C, and pH of cultivating solution 4.21. Under these conditions, the physical production of GABA was 379.00 ± 9.30 g/g. The results suggest that the model can effectively predict the GABA production.
